inhibit the RAAS more effectively and the potential impact of direct renin inhibition on the prevention and management of CKD.
Introduction
The importance of the renin-angiotensin-aldosterone system (RAAS) in the regulation of blood pressure and fluid and electrolyte balance has been recognized for decades. Its role in the pathogenesis of cardiorenal diseases is also widely accepted, based largely on results from clinical studies using drugs that interfere with the RAAS. The demonstration of local angiotensin II (Ang II) synthesis in numerous tissues and organs has led to the concept of local or tissue-based RAASs that are independent of but can interact with the traditional circulating RAAS [1] . These local RAASs appear to act in a paracrine/autocrine manner to regulate organ function and are involved in pathologic events associated with end-organ damage. The kidney contains all the elements of the RAAS, and intrarenal formation of Ang II independent of the circulating RAAS was first demonstrated more than 30 years ago [2] . The acknowledged importance of the intrarenal RAAS in the pathogenesis of hypertension and chronic kidney disease (CKD) and the clinical availability of aliskiren, a direct renin inhibitor (DRI), have stimulated renewed interest in therapeutic options to modulate the function of the RAAS. This review explores recent findings in RAAS biology as they relate to the intrarenal RAAS, the importance of the intrarenal RAAS in CKD, and the potential impact of DRIs on the prevention and management of CKD.
Elements of the Intrarenal RAAS
Ang II Receptors Ang II acts on two major receptor subtypes, namely type 1 (AT 1 ) and type 2 (AT 2 ) Ang II receptors [3] . The AT 1 receptor predominates in most tissues and mediates the classic physiologic and pathophysiologic actions of Ang II. The AT 1 receptor is widely distributed among vascular, glomerular, and tubular elements of the kidney, consistent with this receptor's role in regulating renal hemodynamics, glomerular filtration, sodium reabsorption, and renin release [1] . The AT 2 receptor is less abundant and has a more restricted distribution in the kidney, mainly limited to vascular elements and tubular segments, especially the proximal tubule [4] . Although a role for AT 2 receptors in renal function is currently under investigation, activation of renal AT 2 receptors appears to have effects that generally oppose those induced by the AT 1 receptor [4] .
Renin
Renin release from juxtaglomerular cells is highly regulated and is stimulated by a decrease in renal perfusion pressure, a decrease in the delivery of Cl -to the macula densa, or by sympathetic nerve stimulation via ␤ 1 -adrenoceptors [3] . Renin release is directly inhibited by Ang II acting through both AT 1 and AT 2 receptors on juxtaglomerular cells, thus constituting an Ang II-renin release negative feedback loop [3] .
Renin synthesis and secretion appear to be dependent on the integrity of connexins, which are gap junction proteins involved in cell-to-cell communication [5] . The cells of the juxtaglomerular apparatus express a number of connexins including Cx40, Cx43 [5] and Cx45 [6] . Deletion of Cx40 or replacement of Cx43 [5] reduces the expected increase in renin secretion and blood pressure in a model of renal artery stenosis. In contrast, deletion of Cx45 in mice increased renin expression, plasma renin activity (PRA) and blood pressure compared to control mice [6] . Although the exact mechanism by which connexins regulate renin synthesis and secretion is unknown, it appears that cell-to-cell communication mediated by connexins within the juxtaglomerular apparatus is required [5] .
In addition to juxtaglomerular cells, renin mRNA and protein have been found in the connecting tubule and collecting duct [7] . Unlike juxtaglomerular cells where Ang II inhibits renin release via the AT 1 receptor, in the collecting duct Ang II stimulates renin expression via the AT 1 receptor [8] . In animal models of diabetes [7] and Ang II-dependent hypertension [8] , collecting duct prorenin and renin are upregulated. The elevated levels of prorenin observed in diabetes may derive mainly from the epithelial cells of the collecting duct [7] . During periods of juxtaglomerular renin suppression, upregulated renin produced in the distal nephron may be able to support continued intrarenal Ang II formation leading to amplification or maintenance of the hypertensive state [8] .
The intrarenal RAAS is activated early in diabetes yet the exact mechanism is unknown. The discovery of GPR91, a G-protein-coupled receptor that is activated by succinate [9] , may provide a link between hyperglycemia and RAAS activation. In rats, infusion of succinate increased PRA and blood pressure, both of which were attenuated by angiotensin-converting enzyme (ACE) inhibition and totally abolished by bilateral nephrectomy [9] . This may be a candidate for a pathophysiological link with diabetic nephropathy, as high levels of glucose stimulate succinate accumulation, and this directly increases renin release from isolated juxtaglomerular apparatus in vitro [10] .
(Pro)renin Receptor Prorenin, once viewed as an inactive precursor of renin, has recently received more attention in RAAS research due to the discovery of a (pro)renin receptor [11] . This receptor, which is expressed in heart, brain, placenta, liver, kidney, and brown adipose tissue [11] , binds prorenin and, with lower affinity, renin [12] . When bound to this receptor, prorenin undergoes a conformational change and becomes enzymatically active without undergoing proteolysis [11] . This mechanism may contribute to local Ang II formation especially in tissues that appear to lack the renin gene, yet produce Ang II, such as the heart and blood vessel wall, and therefore must rely on renin/prorenin uptake from the circulation [12] .
Activation of the (pro)renin receptor in cultured mesangial cells activates the mitogen-activated protein kinase (MAPK)-extracellular signal-regulated kinase (ERK) pathway [11] and increases several profibrotic mediators, including transforming growth factor ␤ (TGF-␤ ), and plasminogen activator inhibitor-1 (PAI-1), and the extracellular matrix components, fibronectin and collagen-1 [13] . These effects occur in the presence of an ACE inhibitor or angiotensin receptor blocker (ARB) and are therefore independent of Ang II formation or action [11] . Thus, activation of the (pro)renin receptor in mesangial cells by elevated levels of prorenin, such as occur in diabetes [14] , may contribute to glomerulosclerosis [13] ( fig. 1 ) .
The (pro)renin receptor has also been detected in human podocytes [15] . In these cells, prorenin treatment results in an increase in intracellular Ang II that is blocked by aliskiren. As in mesangial cells, stimulation of the (pro)renin receptor in podocytes results in the activation of the MAPK-ERK pathway. However, no increased expression of PAI-1 or TGF-␤ was detected (and thus the question mark in figure 1 ) [15] . Accordingly, the role of the prorenin receptor in podocytes biology remains to be determined.
Of note, excessive stimulation of the (pro)renin receptor appears to downregulate its own transcription [16] , and so activation of this receptor by high levels of prorenin may be self-limiting [12] . The effects of overexpressing the (pro)renin receptor on end-organ damage in rats and mice are mixed [17] [18] [19] [20] , and therefore, the clinical significance of (pro)renin receptor activation independent of Ang II formation is currently unknown.
Angiotensinogen
Circulating angiotensinogen (Agt) is produced by the liver. By contrast, intrarenal Agt is synthesized in the epithelial cells of the proximal tubule, secreted into the tubular lumen, and appears in the urine [21] . Because of its molecular size, very little if any plasma Agt is filtered by the glomerulus [21] . The presence of intact Agt in the urine suggests that it is not a substrate for megalin, probably because of its size, and is not degraded to any great extent along the nephron [22] . The localization of renin in the collecting tubule [7] and the delivery of proximally produced Agt, together with the presence of ACE in the tubular fluid [21] , allows for the possible formation of Ang I and Ang II in this part of the nephron, even when juxtaglomerular renin is suppressed.
In humans, urinary Agt is increased in patients with hypertension [23] and CKD [24] . Furthermore, in a small cohort of patients with type 1 diabetes and normal protein excretion, urinary Agt was elevated compared with control patients [22] . This suggests that increased urinary Agt precedes the development of proteinuria and may be a biomarker of intrarenal RAAS activation in these conditions [22] [23] [24] .
Angiotensin-Converting Enzymes
In the human kidney, ACE is localized primarily to the brush border membrane of the proximal tubule, whereas in rats ACE is mainly expressed on the endothelial cells of the renal microvasculature [1] but can also be found in tubular fluid along most of the nephron [21] . In addition to the ACE pathway, Ang II can be formed from Ang I by chymase, a serine protease that is highly expressed in mast cells and in organs, such as heart and kidney [25] . Chymase-dependent Ang II formation may be at least partly responsible for 'ACE escape'. This term refers to the observation that, in a high proportion of patients chronically treated with ACE inhibitors, Ang II levels gradually return to baseline after an initial decline. This increase in Ang II formation in the presence of ACE inhibitors is likely due to a compensatory increase in PRA caused by disruption of the feedback loop by which Ang II normally inhibits renin release [3] . Under these circumstances, Ang II can be formed from Ang I by alternative, ACE-independent pathways, such as chymase, which has been shown to be upregulated in diabetic and hypertension-related nephropathies [25] .
In 2000 an isoform of ACE, ACE-2, was discovered. ACE-2 is a catalytically active homolog of ACE that is not inhibited by ACE inhibitors and is abundantly expressed in the kidney, heart, and other organs [26] . ACE-2 cleaves a single residue from Ang I to generate the inactive Ang (1-9) ( fig. 1 ). In addition, ACE-2 generates the biologically active peptide Ang (1-7) directly from Ang II [26] . Ang (1-7) appears to have actions that oppose those mediated by Ang II, including vasodilation and antiproliferative effects [27] . In the human kidney, ACE-2 is localized primarily to glomerular and tubular epithelial cells and to vascular smooth muscle cells and endothelium of intrarenal (arcuate and interlobular) arteries [28] . Glomerular ACE-2 is decreased in mouse models of diabetic nephropathy [28] , and pharmacological inhibition of ACE-2 [28] or knockout of ACE-2 [29] in diabetic mouse models worsens glomerular injury and promotes albuminuria. Thus, ACE-2 may counteract the role of ACE during RAAS activation by breaking down Ang I and promoting the formation of Ang (1-7) [27] .
Intrarenal Aldosterone Biosynthesis
Increasing evidence suggests that aldosterone induces oxidative stress, inflammation, and fibrosis, resulting in cardiovascular and renal injury [30] . Mineralocorticoid receptor blockers when added to ACE inhibitors or ARBs produce further decreases in proteinuria in patients with CKD [31] . With the exception of the brain, extra-adrenal synthesis of aldosterone is controversial. However, cytochrome P450 11 ␤ 2 (CYP11 ␤ 2), the enzyme responsible for the synthesis of aldosterone from deoxycorticosterone, has been reported to be present in the rat kidney, mainly in the glomerulus [32] and podocytes [33] . Upregulation of CYP11 ␤ 2 was observed in a rat model of insulin-dependent diabetes [32, 33] . Whether a similar system exists in the human kidney is unknown.
11 ␤ -Hydroxysteroid Dehydrogenase 11 ␤ -Hydroxysteroid dehydrogenase (11 ␤ -HSD) is responsible for the interconversion of the corticosteroids cortisol and cortisone. There are two isozymes: 11 ␤ -HSD1 and 11 ␤ -HSD2. 11 ␤ -HSD1 is a NADP(H)-dependent enzyme that is highly expressed in glucocorticoid target tissues such as liver but is expressed at very low levels in human kidney [34] . This isozyme is responsible for the conversion of cortisone to the active glucocorticoid cortisol. Increased expression and/or activity of 11 ␤ -HSD1 have been linked to obesity and insulin resistance [34] .
11 ␤ -HSD2 is a NAD-dependent enzyme that converts cortisol to inactive cortisone and is highly expressed in aldosterone-sensitive tissues, such as the kidney and colon [34] . The distribution of 11 ␤ -HSD2 in the kidney parallels that of the mineralocorticoid receptor with the highest levels being detected in the cortical collecting duct [35] . Because cortisol and aldosterone have similar affinities for the mineralocorticoid receptor, 11 ␤ -HSD2, by metabolizing cortisol, protects the mineralocorticoid receptor from activation by the glucocorticoid [34] . A deficiency of 11 ␤ -HSD2, as a result of genetic mutations or the inhibition of the enzyme by glycyrrhetinic acid (present in licorice), can lead to apparent mineralocorticoid excess because of overstimulation of the unprotected mineralocorticoid receptor by cortisol. This results in hypokalemia, sodium retention, extracellular fluid volume expansion, and hypertension [36] .
The effects of Ang II on 11 ␤ -HSD activity are variable. In vitro studies have reported an inhibitory effect of Ang II on 11 ␤ -HSD2 activity via the AT 2 receptor [37] , while infusion of Ang II in humans increased 11 ␤ -HSD2 activity [38] . Because Ang II is a potent stimulator of reactive oxygen species [30] , it could also affect 11 ␤ -HSD activity by altering the availability of NADP(H) and/or NAD.
Role of the Intrarenal RAAS in CKD
The importance of the RAAS in the pathogenesis of CKD is widely appreciated, in large measure because of experimental studies conducted in the 1980s [39] . Ang II has emerged as a central mediator of renal injury because of its ability to produce glomerular capillary hypertension that results in damage to glomerular epithelial, endothelial, and mesangial cells [30, 39] . Furthermore, Ang II and aldosterone have several non-hemodynamic effects that are also important in the pathogenesis of CKD, including activation of pathways associated with inflammation, fibrosis, extracellular matrix accumulation, reactive oxygen species, and endothelial dysfunction ( fig. 1 ) [30] .
A number of kidney diseases are associated with activation of the intrarenal RAAS. Chief among them is diabetic nephropathy [40] , which is the most common cause of CKD [41] . Patients with diabetes usually present with normal to low PRA [40] . However, the intrarenal RAAS appears to be activated in these patients, as evidenced by elevated urinary Agt, a presumptive marker of intrarenal RAAS activation [23, 24] and by the marked increase in renal blood flow in patients with diabetes in response to an ACE inhibitor or ARB despite low PRA [40] .
Blockade of the RAAS in CKD
Perhaps the best evidence implicating activation of the RAAS in CKD comes from clinical trials showing unequivocal benefits of RAAS blockade on the progression of CKD. Thus, ACE inhibitors and ARBs provide protection against the progressive loss of renal function in diabetic and non-diabetic patients with CKD [42] [43] [44] [45] . Based on these results, current treatment guidelines recommend ACE inhibitors and ARBs as first-line therapy for CKD [41] .
However, inhibition of the RAAS with ACE inhibitors and ARBs has not produced the level of cardiorenal protection that might be expected by inhibiting a system that is so intimately linked to the pathogenesis of CKD, and many patients still progress to end-stage renal disease (ESRD) or die from cardiovascular causes ( fig. 2 ) [44, 45] . A possible reason for this is that by inhibiting the formation or action of Ang II, both ACE inhibitors and ARBs cause a compensatory increase in PRA due to interruption of the short negative feedback loop by which Ang II inhibits renin release. Accordingly, new treatment strategies are being tested that should increase the suppression of the RAAS and may improve renal protection. These include high-dose ARB or ACE inhibitor treatment, ACE inhibitor-ARB combination therapy, and direct renin inhibition.
High-Dose ARB or ACE Inhibitor Therapy
Only one study has examined the effects of high doses of ARBs or ACE inhibitors on renal outcomes. In an open-label study of 360 non-diabetic patients with proteinuria and chronic renal insufficiency (the Renoprotection of Optimal Antiproteinuric Doses (ROAD) Study) [46] , optimal antiproteinuric doses of benazepril (up to 40 mg) or losartan (up to 200 mg) were associated with a 51 and 53% reduction in the risk for the composite endpoint of time to doubling of serum creatinine, ESRD, or death (p = 0.028 and 0.022, respectively) when compared with conventional doses of 10 mg benazepril and 50 mg losartan. Additional long-term trials are needed to confirm the safety and efficacy of high-dose ACE inhibitor or ARB therapy on renal outcomes in CKD.
ACE Inhibitor-ARB Combination Therapy
Studies that have evaluated the effects of ACE inhibitor-ARB combination therapy on the progression of CKD have been of small size and short duration and have used proteinuria as a surrogate marker of renal protection. Nevertheless, a recent meta-analysis concluded that ACE inhibitor-ARB combination therapy reduces proteinuria to a greater extent than ACE inhibitor or ARB monotherapy in patients with diabetic and non-diabetic nephropathy [47] . However, the recently reported results of a prespecified analysis of renal outcomes in the large Ongoing Telmisartan Alone and in Combination With Ramipril Global Endpoint Trial (ONTARGET) [48] found that ramipril-telmisartan combination therapy decreased proteinuria compared with ramipril alone but worsened the primary renal composite endpoint of dialysis, doubling of serum creatinine, and death when compared with the component monotherapy in patients at high vascular risk. These results have provoked a lively debate on the role of ACE inhibitor-ARB combination therapy in CKD [49] . However, as has been pointed out, ONTAR-GET was not powered to detect differences in major renal outcomes, and macroalbuminuria was present in only 4% of all patients and in only 12.2% of patients with diabetes at study entry [48] . In addition, the rate of decline over the course of the study in estimated glomerular filtration rate in the combination therapy group was in the range associated with normal aging [49] . Although ramipriltelmisartan combination therapy may have no benefits in high-risk patients without proteinuria, it is not known whether this applies to all ACE inhibitor-ARB combinations. Furthermore, this trial did not address the efficacy of ACE inhibitor-ARB combination therapy on renal outcomes in patients with chronic proteinuric kidney disease. Two trials are currently underway, the Nephropathy in Diabetes Study (VA NEPHRON-D Study, NCT00555217) and Preventing ESRD in Overt Nephropathy of Type 2 Diabetes (VALID, NCT00494715), which are evaluating ACE inhibitor-ARB combinations for renoprotection in patients with type 2 diabetic nephropathy using clinical endpoints such as progression to ESRD and death.
Direct Renin Inhibition
Aliskiren is the first orally active DRI to receive regulatory approval for hypertension. By inhibiting the enzymatic conversion by renin of Agt to Ang I, DRIs inhibit the initial and rate-limiting step in the RAAS cascade, thus reducing the production of all downstream products derived from Agt [50, 51] . Furthermore, in both clinical studies [52] and in experimental animals [14] , aliskiren reduces plasma and/or urinary excretion of aldosterone. The role of aldosterone in endothelial dysfunction, inflammation, proteinuria and fibrosis is well known [30] . Most notable are the observations of additional antiproteinuric effects when mineralocorticoid receptor blockers are added to ACE inhibitor or ARB therapy in patients with CKD [31] . Therefore, aliskiren's ability to lower aldosterone levels may provide additional renoprotective effects.
Further potential benefits of renin inhibition are suggested by the observation that in healthy individuals on a low-sodium diet, aliskiren induced long-lasting renal vasodilation that far exceeded that seen with ACE inhibitors or ARBs, which was observed at a time postdose when plasma levels of the drug were undetectable [53] . This may be related to experimental findings that aliskiren localizes to kidneys and binds to both renin and prorenin [54] . In hypertensive diabetic rat models with kidney damage, aliskiren reduced blood pressure, proteinuria, and measures of kidney fibrosis and inflammation ( table 1 ) [54] [55] [56] [57] . Taken together, these data suggest that aliskiren induces an effective blockade of the intrarenal RAAS.
The mechanisms by which aliskiren may impart renoprotection are still under investigation. However, a number of possible mechanisms can be envisioned. First, aliskiren not only inhibits renin but also inhibits the activity of prorenin [54] following its non-proteolytic activation upon binding to the (pro)renin receptor [12] . This may be of particular importance in diabetes in which prorenin levels are elevated and may contribute to local Ang II formation [14] . Second, aliskiren blocks the circulating RAAS and lowers blood pressure [58] . Hypertension is one of the most common comorbidities in CKD and its control is essential in reducing further renal damage and cardiovascular risk in CKD patients [41] . Third, aliskiren blocks the intrarenal RAAS and lowers renal Ang I and Ang II levels [55] , thus reducing the deleterious renal effects of Ang II [30] ( fig. 1 ) . Finally, aliskiren has been shown to reduce the renal expression of the (pro)-renin receptor in an animal model of diabetes [54] . If the (pro)renin receptor plays a role in CKD, downregulation of this receptor may reduce the Ang II-independent effects of (pro)renin receptor activation on renal fibrotic pathways [13] ( fig. 1 ) .
Although aliskiren has been shown to be an effective and long-acting antihypertensive agent when used as monotherapy or in combination with other antihypertensive drugs [58] , only three studies have evaluated aliskiren as a potential renoprotective agent in CKD ( table 2 ). All studies used proteinuria as a surrogate marker of CKD progression. In a small open-label exploratory study, patients with type 2 diabetes and proteinuria received aliskiren (300 mg/day) and furosemide but no other RAAS blockers for 4 weeks [50] . At study end, the urinary albumin/creatine ratio (UACR) had decreased by 44% from baseline (p ! 0.001) and remained below baseline for 12 days following washout. PRA was reduced by 68% (p ! 0.001) and Ang II by 42% (p = 0.044) at the end of the treatment period. PRA and Ang II only gradually returned to baseline during a 4-week washout period, which is evidence of aliskiren's long duration of action [53] . In another small randomized crossover trial [51] , patients (n = 26) with type 2 diabetes and proteinuria were randomized to receive placebo, aliskiren 300 mg, irbesartan 300 mg, or a combination of aliskiren 300 mg and irbesartan 300 mg for 2 months. Aliskiren treatment resulted in a significant 48% (p ! 0.001) reduction in urinary albumin excretion compared with placebo. Irbesartan reduced albumin excretion by 58% (p ! 0.001 vs. placebo) which was not different from aliskiren. The combination of aliskiren/irbesartan reduced albumin excretion by 71% (p ! 0.001 vs. placebo), which was significantly more than with aliskiren (p ! 0.001) or irbesartan monotherapy (p = 0.028).
In the Aliskiren in the Evaluation of Proteinuria in Diabetes (AVOID) Trial [59] , patients (n = 599) with type 2 diabetic nephropathy received a 6-month treatment with aliskiren (150 mg/day for 3 months, then 300 mg/ day for 3 months) or placebo in combination with losartan (100 mg/day). After 3 months of treatment, UACR had decreased by 11% compared with losartan alone (p = 0.02). Increasing the dose of aliskiren to 300 mg/day caused a further decrease in UACR to 20% (p ! 0.001) by decreased BP, albuminuria, TGF-␤, and collagen I expression T GF-␤ = Transforming growth factor ␤; TNF-␣ = tumor necrosis factor ␣.
the end of the study. The effects of the combination of aliskiren and losartan on UACR appeared to be independent of blood pressure changes. There was no difference in the rates of adverse events or discontinuation rates between the two groups. Hyperkalemia was reported in 5.0% of the patients in the aliskiren group and 5.7% in the placebo group.
These initial studies suggest that direct renin inhibition may offer an additional treatment option in patients with type 2 diabetes and nephropathy, but larger longterm trials that measure renal outcomes such as progression to ESRD and mortality are needed. One such trial (Aliskiren Trial in Type 2 Diabetic Nephropathy [ALTI-TUDE]) is ongoing and may determine whether aliskiren in combination with an ACE inhibitor or ARB reduces endpoints of cardiorenal morbidity and mortality in high-risk patients with type 2 diabetes [60] .
Summary and Conclusions
Sustained activation of the intrarenal RAAS in the presence of elevated arterial pressure leads to renal injury and plays a pivotal role in the pathogenesis of CKD. Blockade of the RAAS with ACE inhibitors or ARBs decreases the decline in glomerular filtration rate, but many patients still progress to ESRD and remain at high risk for fatal or non-fatal cardiovascular events. More aggressive blockade of the RAAS with high-dose ACE inhibitors and ARBs or therapy with ACE inhibitor-ARB combinations have been shown to further reduce proteinuria in patients with diabetic and non-diabetic nephropathy. However, RAAS blockade with these treatment regimens may be incomplete because both ACE inhibitors and ARBs cause a compensatory increase in PRA and Ang II. DRIs directly inhibit renin and the subsequent formation of downstream products of the RAAS. Initial studies in patients with type 2 diabetic nephropathy have shown that aliskiren alone or in combination with an ARB decreases protein excretion and may have a renoprotective effect independent of blood pressure in patients receiving optimal antihypertensive therapy. Longer-term trials are underway with ACE inhibitor-ARB combinations, ACE inhibitor-aliskiren combinations, and ARB-aliskiren combinations in attempts to decrease renal and cardiovascular morbidity and mortality in high-risk patients with type 2 diabetic nephropathy.
Although it has been more than 100 years since the discovery of renin, the RAAS continues to occupy a central position in the research of cardiovascular and renal pathophysiology. The clinical success of ACE inhibitors and ARBs will likely continue in the form of new drugs, combinations, and therapeutic strategies as new therapeutic targets within the RAAS are identified.
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